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Ultrafast charge carrier dynamics as well as the generation of polaron pair in squaraine
(SQ) and squaraine:[6,6]-phenyl-C 71-butyric acid methyl ester (SQ:PCBM71) have
been studied using ultrafast transient absorption spectroscopy (UTAS). The current
study reveals that the pure SQ exhibits the creation of singlet and triplet states; how-
ever, incorporation of PCBM71 in SQ results in the formation of polaron pairs with
∼550ps lifetime, which in turn leads to the creation of free electrons in the device.
We show that the considerable increment in monomolecular and bimolecular recom-
bination in SQ:PCBM71 compared to pure SQ which describes the interfacial com-
patibility of SQ and PCBMC71 molecules. The present work not only provides the
information about the carrier generation in SQ and SQ:PCBM71 but also gives the
facts relating to the effect of PCBM71 mixing into the SQ which is very significant
because the SQ has donor-acceptor-donor (D-A-D) structure and mixing one more
acceptor can introduce more complex recombinations in the blend. These findings
have been complimented by the charge transport study in the device using impedance
spectroscopy. The various important transport parameters are transit time (τt), diffu-
sion constant (Dn), global mobility (µ) and carrier lifetime (τr). The values of these
parameters are 26.38 µs, 4.64x10-6 cm2s-1, 6.12x10-6 cm2V-1s-1 and 399 µs, respec-
tively. To the best of our knowledge such study related to SQ is not present in the
literature comprehensively. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5018253
INTRODUCTION
Organic solar cell (OSC) is a fast emerging technology as an effective alternative to the con-
ventional inorganic photovoltaic due to its inherent advantages such as cost effectiveness, flexibility,
large area possibility, ease of fabrication, etc.1–3 Recently Heliatek has achieved 13.2% efficiency in
the multi-junction solar cell.4 However, maintaining high stability and efficiency together is still a
great challenge for the commercialization of OSC. To achieve this goal, it is essential to understand
the physics of charge carrier dynamics at femtosecond timescale. This paper is an attempt in this
direction.
Recently use of SQ in OSC devices has gained a great momentum because of some advantages,
over other donor polymers, such as easy synthesis process, being mono-dispersive in nature, easily
tunable band gap, modulation of photophysical properties by changing the side group (R groups),5
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thermally and optically stable, absorption spectrum ranging from visible to near-infrared spectral
region,6–8 etc. Even though it is being used in the fabrication of OSC devices, yet the literature lack
studies on its photophysical and carrier dynamics which is an important aspect to enhance further the
efficiency and stability of these devices. Keeping this in view we have performed electro-optical and
electrical measurements such as ultrafast transient absorption spectroscopy, impedance spectroscopy
and current-voltage (J-V) characteristics in pure SQ films as well as SQ:PCBM71 blends. These
important studies will be proved immensely useful in designing efficient and stable SQ based OSCs.
EXPERIMENTAL METHODS
Ultrafast transient absorption spectroscopy
Thin films of SQ and SQ:PCBM71 were spin-coated on quartz glass plate for UV-Vis and ultrafast
transient absorption spectroscopy experiments. For this SQ and SQ: PCBM71 solutions were prepared
separately with the concentration 5 mg/ml. The Ti:Sapphire femtosecond laser was employed to pump
and probe the samples. The ultrafast transient absorption spectrometer (Ultrafast systems, Helios)
was integrated to the amplified Ti:Sapphire laser (Coherent, Legend) and an oscillator (Coherent,
Micra) for the investigation of carrier relaxation dynamics. The generated output of Micra (800 nm,
80 MHz, and 45 fs) was fed to the regenerative amplifier pumped by Verdi (diode pumped solid state
laser) and coupled to the stretcher/compressor gratings. The output of laser pulse having 800 nm and
45 fs pulse width with 1 kHz repetition rate and 4mJ average energy output was used. The 50% of
the output was fed into the optical parameter amplifier (TOPAS, Light Conversion) for generation
of the appropriate wavelength. Out of this, 25% was used to produce the white light range through a
Sapphire disk for the probe pulse; residual 25% was used for higher harmonic generation. The OPA
produces a 190-2600 nm femtosecond pulse with 70 fs to pump the sample. To obtain the difference
spectra (∆A) signal, the pump signal was halved to 500 Hz from the chopper. The highly stable
450 nm pump beam has been used to excite the carriers in the samples. Measuring the pump-induced
changes in the optical constants (such as reflectivity or transmission of the sample) as a function of
time delay between the arrival of pump and probe pulses yielded information about the relaxation of
electronic states in the sample. It measures the lifetime of electronic excitations with femtosecond
time resolution.
Device fabrication
Patterned ITO coated glass was cleaned by ultrasonic treatment with detergent, de-ionized water,
acetone isopropyl alcohol each for 10 minutes and then dried with nitrogen air flow. After this step, the
substrate was kept for UV-Ozone treatment for 5 minutes. The active material solution was prepared
by dissolving SQ:PCBM71 in 1:6 weight ratio in chloroform with 20mg/ml and kept overnight on
a magnetic stirrer for mixing. Subsequently, it was spin-coated over 8nm MoO3 deposited indium
tin oxide (ITO) substrate at 1000 rpm in the nitrogen filled glove box. The 100 nm Al cathode was
thermally deposited at 0.2 Å/s. The active area of the device was 6mm2. The basic device structure9–11
with energy band diagram is given in figure S1 of the supplementary material.
Impedance spectroscopy
For the impedance measurement PGSTAT-30 with 1MHz to 100Hz AC sine wave signal with
100 mV amplitude was applied. The logarithmic frequency step was used to stable data at high
frequency. For the fitting of all impedance data, NOVA 2.0 software was used.
RESULT AND DISCUSSION
Figure 1 shows the absorption spectrum of SQ film and SQ:PCBM71 blend film, respectively. The
SQ has a broad absorption spectral range from 500 nm to 800 nm, covering both the visible as well as
part of initial infrared (IR) spectrum. The absorption peak around 627 nm and one shoulder peak at
654 nm indicate the crystalline domain formation in the film. When SQ is blended with PCBM71 the
absorption spectrum shows peak at 538 nm and the signature SQ peak at 693 nm with red-shift due to
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FIG. 1. UV-Vis absorption spectrum of SQ (black line), SQ:PCBM71 (red line) and PCBM71 (blue line) film on quartz glass
substrate after annealing at 110 ◦C.
J-aggregation which is due to exciton coupling of the SQ in the PCBM71 and interchain interactions
in the solid film.12
In figure 2 photoluminescence spectrum is given for SQ and SQ:PCBM71 film with chemi-
cal structure. The excitation wavelength is 500 nm for photoluminescence measurement. A sharp
quenching in SQ photoluminescence peak (685 nm) is observed, and it refers to the efficient exciton
to polaron formation in the presence of PCBM71. In the blend strong quenching can occur due to SQ
itself (self-quenching) and by the PCBM71 as well. SQ can be considered as fluorophore either to
SQ itself or PCBM71. In the SQ:PCBM71 blend system SQ may bind with PCBM71 or with another
SQ molecule to allow self-quenching as the J-aggregation suggested by the red shift in the absorption
spectra. The self-quenching of SQ and the quenching in the presence of PCBM study by Bi Zhu
et al.13 reveals that there is an increase in the Stern-Volmer constant14 as the concentration of PCBM
is increased in the SQ.15 It was concluded that PCBM and SQ complex is formed with the increase
in the PCBM concentration. In the present case PCBM71 is six times higher than SQ therefore the
aggregation in SQ takes place probably due to the phase separation at the interface. Further, the much
deeper aspect of SQ and PCBM71 interaction has been revealed through UTAS study.
Photophysics of SQ and SQ:PCBM71 blended films by UTAS
The charge carrier dynamics of SQ and SQ:PCBM71 blend in picosecond time scale
(Figure 3(a–b)) has been carried out with the help of ultrafast transient absorption spectroscopy
in the range of 100fs to 1 ns. For this, the probe delay was covering the visible to NIR region. The
data was plotted on a semi-logarithmic scale to identify prominent peaks at low wavelength scale
FIG. 2. Photoluminescence spectra of pristine SQ (black line) and SQ:PCBM71 (red line) blend films excited at 500 nm. Inset
shows the schematic of chemical structure of SQ and PCBM71.
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FIG. 3. The relative differential absorption (∆A(OD)) spectra for (a) SQ film (b) SQ:PCBM71 film on quartz substrate at
100 fs, 500 fs, 1ps, 5ps, 100 ps, 500 ps, and 1000 ps probe delay in visible to NIR region. The LPP and DPP stands for
localized polaron pair and delocalized polaron pair.
as well. The pump wavelength is selected at 480nm according to SQ and SQ:PCBM71 absorption
to avoid detection of pump pulse by the probe. It is observed that high molar extinction coefficient
of SQ dyes caused multiple excitations in a single polymer strand. Therefore, to avoid multiple
excitations, the pump energy was kept very low (45 µJ/cm2). In figure 3(a) the negative differential
absorption (∆A<0) appears in the range of ∼600 nm to ∼680 nm with a peak at ∼650nm. It has been
attributed to photobleaching of ground state carriers termed as ground state bleaching (GSB) signal.16
At∼100 fs probe delay with respect to the pump, the GSB signal strength is maximum and then reduces
progressively with higher probe time delay. It has been assigned to the decay of excited carriers to
the ground state carriers. The positive differential absorption (∆A>0) originates due to photoinduced
absorption (PIA) of the excited state carriers and absorption of the photo products.16,17 The PIA
signal appears at ∼500 nm in SQ due to the excitation of initial band edge electrons to higher states
(S1 to Sn). The second PIA signal from ∼750 nm onwards remains flat and feeble up to deep IR
region. The self-quenching18 of charge carriers prohibits the creation of free polaron pair in pure SQ
due to the donor-acceptor-donor (D-A-D) arrangement in the SQ19 shown in the inset of figure 2.
Therefore, no significant signature of long lived charge carrier species in a pure SQ was observed
in the photoinduced absorption which is revealed by the multicomponent fitting in figure 4(a). Inset
of figure 3(a) shows the transitions in the energy levels for SQ highlighting the excitation and decay
mechanism of charge carriers. The UTAS data can estimate the singlet and triplet states in SQ by
correlating the charge carrier excitation and decay mechanism. Therefore, the strong GSB signal at
∼650 nm corresponds to S0 to S1 transition19 whereas the PIA at ∼500 nm occurs subsequently due
to S1 to Sn transition.
The interaction of SQ and PCBM71 is clearly evident in UV-Vis and photoluminescence spectrum
in figure 1 and figure 2. The signature excitonic peak of SQ has been redshifted to ∼693 nm which
is due to the formation of J-aggregates in the mixture.20 The SQ and PCBM71 interaction and the
decay dynamics of charge carriers in the SQ:PCBM71 blend can be explained in terms of the origin
of excitation and fundamental charge carrier species in pure SQ.
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FIG. 4. The GSB and PIA decay kinetics of associated charge carriers for (a) SQ, (b) SQ:PCBM71 blend. The dotted line
corresponds to experimental data whereas continuous line relates to the exponential fit at significant wavelengths for the charge
carrier formation and transition according to the relative differential absorption (∆A(OD)) spectra given in figure 3(a–b).
The formation of exciton and polaron in SQ:PCBM71 is observed in figure 3(b). At ∼100 fs
probe delay, GSB signal appears instead of PIA signal due to excitation of S0 (ground state) until
this time period. The S1 to Sn transition PIA peak has been red-shifted from ∼500nm to ∼600nm in
the SQ:PCBM71 blend with respect to the pure SQ. It establishes the interaction of PCBM71 with SQ
leading to the J-aggregation at the molecular level in the SQ:PCBM71 blend. While a strong GSB
signal is also present in the blend but the maximum bleach signal is achieved at ∼500fs probe delay,
which occurs at 100 fs in the SQ. The delay in the GSB by about 400 fs is due to the transfer of
holes into the highest occupied molecular level (HOMO) of SQ from PCBM71 as the concentration
of fullerene is very high. Two significant PIA signals appear in transient spectra at ∼730 nm and
∼1330 nm, respectively. Within few femtoseconds to picosecond (∼100 fs to ∼100 ps), after the
excitation of SQ:PCBM71 blend, the creation of exciton charge transfer state occurs at the donor-
acceptor interface. The first PIA signal at ∼730 nm has been attributed to the localized polaron pair
in SQ:PCBM71 blend.21,22 These localized polaron pairs are converted into delocalized polaron pair
and produce free charge carriers in the blend which can be observed at ∼1 ps to ∼100 ps time scale.
The presence of delocalized polaron pairs found at ∼1330 nm also directly contribute to free charge
carriers in the blend.
Charge carrier dynamics and time-based examination of SQ and SQ:PCBM71 at significant
wavelengths according to figure 3(a–b) can be analyzed from decay kinetics shown in figure 4(a–b).
All these kinetics explain the excitation and decay of the charge carriers as well as interaction of SQ
and PCBM71. For the clear depiction of fitting, the time axis of the plotted data has been divided into
small (0-100 ps) and larger (500-1000 ps) time scale, respectively. Both the GSB and PIA signal is
best fitted with a sum of three exponential functions given in equation (1).
∆OD (t) = A1exp (- t/τ1) + A2exp (- t/τ2) + A3exp(- t/τ3) (1)
Where τ1 represents the vibrational relaxation to the closest lower state which is fast in nature, τ2
represents the radiative or non-radiative decay of the excited charge carriers to the ground state,23
and τ3 represents the triplet state transition after the intersystem crossing which has long decay time
due.24
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The lifetime of excited charge carrier in SQ at ∼508 nm is ∼120 ps and has been identified
as singlet states. Some of these singlet state charge carriers at S1 transferred to the triplet state (T1)
through intersystem crossing mechanism with 1/τst (inset of figure 3(a)) the rate constant. The trailing
edge of PIA signal in SQ at ∼550 nm shows the fast transition of singlet to triplet state within ∼13 ps.
After the decay in the PIA signal, within ∼228 ps the fast recovery of bleaching signal at ∼650 nm
shows the transition of electrons from S1 to S0 states. It shows the formation of singlet state within
SQ dye. Therefore, the lifetime of S1 state can be estimated25,26 from equation (2)
τs1 = 1/(1/τs + 1/τts) (2)
The estimated lifetime of S1 from above equation is ∼12 ps. Enough lifetime of the singlet state and
full recovery of the bleach signal shows the existence of intersystem crossing in SQ which indicates
the probability of the creation of triplet states in SQ. The decay time of PIA transient signal at
∼900 nm (Figure 4(a)) is ∼0.2 ps indicating short-lived charge species in SQ whereas at ∼1300 nm
some delocalized polaron pairs are available with a decay time constant ∼271 ps. The time constant
τ3 is neglected here as the amplitude of A3 is very small.
The charge transfer from SQ to PCBM71 further confirmed the formation of polaron pairs that
have been analyzed through the temporal analysis of decay kinetics of relative differential absorption.
While analyzing the relative differential absorption spectra, it is observed that there is a red shift in
the S1 to Sn transition PIA peak from ∼500 nm to ∼600 nm due to the blending of SQ and PCBM71.
Due to the J-aggregation network SQ:PCBM71, the lifetime of the singlet states in the SQ:PCBM71
blend at ∼620 nm increases up to 355 ps from 120 ps compared to the pure SQ. The decay time of
GSB has reduced significantly to ∼70 ps from ∼228 ps due to the charge transfer state occurring
at the donor-acceptor interface. The significant rise in triplet state up to 3.8ns is observed. These
long excitonic states generate the polaron pairs in SQ:PCBM71 blend. The first PIA peak after the
recovery of bleaching occurs at ∼730 nm has a decay time of 593 ps. These localized polarons at
730 nm further get delocalized in the SQ PCBM71 network and contribute to the free charge carriers.
These delocalized polarons have a peak at ∼1330 nm with decay time 529 ps. All the decay time
constant for SQ and SQ:PCBM71 with their pre-exponential factors has been listed in Table I and
Table II.
Recombination or permanent degradation of charge carriers takes place after the photoexcitation
via monomolecular and bimolecular processes in the both pure SQ film and SQ:PCBM71 blend.27,28
The study of recombination model can describe the effect of PCBM71 mixing in SQ. The Langevin
recombination process describes the bimolecular process which happens when two free opposite
TABLE I. The lifetime of excited and associated amplitude for pure SQ film after fitting.
Wavelength, nm 508 nm 550 nm 650 nm 900 nm 1300 nm
A1 0.544 0.512 -0.633 -0.57 0.707
τ1 (ps) 9 2.15 0.266 0.145 3.3
A2 0.185 0.365 -0.142 0.429 0.303
τ2 (ps) 120 13.2 228 0.16 271
A3 0.271 0.123 -0.225 0.000233 0.015
τ3 (ps) 1450 245 2020 5.5 275
TABLE II. The lifetime of excited carriers and associated amplitude for SQ:PCBM71 after fitting.
Wavelength, nm 620 nm 650 nm 730 nm 1310 nm
A1 0.914 -0.958 0.200 0.366
τ1 (ps) 0.0675 0.069 25.8 14.7
A2 0.0483 -0.0165 0.79 0.623
τ2 (ps) 355 70.3 593 529
A3 0.0378 -0.0255 0.010 0.011
τ3 (ps) 3670 1320 1530 1600
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TABLE III. The recombination pre-factor and rates for the SQ and SQ:PCBM71 sample calculated at GSB.
Sample k1(s-1) k2(s-1) α f
SQ 2.0 0.15 0.1 0.02
SQ:PCBM71 2.92 0.54 0.02 0.01
charges carriers recombine and having originated from the separate excitons. The monomolecular
recombination is best described through trap assisted recombination at the interface. Both types of
recombination occur independently if the fraction (f) experience bimolecular recombination. Then
the remaining fraction (1-f) undergoes monomolecular recombination. If the total photogenerated
carriers is N and out of the total generated carriers N0 goes through bimolecular and monomolecular
recombination process, which can be described by the following equation (3)29
N
N0
= ((1 − f )−α + k1t)−1/α + ( f −(α+1) + k2t)−1/(α+1) (3)
Where α is the concentration dependent exponent and k1 = αβ1Nα0 and k2 = (α+ 1)β2N (α+1)0 , here β1
and β2 are recombination pre-factors for monomolecular and bimolecular recombination process and
k1 and k2 are the recombination rates for monomolecular and bimolecular, respectively. The GSB
is very useful in identifying the several species present in the sample therefore, above equation (3)
has been fitted in MATLAB and estimated parameters listed in Table III to categorize the above
mentioned recombination rates (k1 and k2) for SQ and SQ:PCBM71, respectively. Both the mono
molecular recombination rate (k1) and bimolecular recombination rate (k2) have increased after
mixing PCBM71 in SQ. This shows the creation of trap states at the phase separation interface of SQ
and PCBM71. Table III shows the recombination pre-factor and rates for the SQ and SQ:PCBM71
samples, respectively. From the above study, various fundamental facets have been revealed such as
the creation of singlet states and their conversion to the triplet state and the polaron pair is generated
in SQ:PCBM71 within ∼1 to ∼100 ps after the pump excitation and decays within ∼500 ps.
SQ:PCBM71 solar cell device fabrication and electrical characterization
The photophysical properties, charge carrier generation and recombination of pure SQ and
SQ:PCBM71 (1:6) blend have been explained in the previous sections.30–33 The similar blend ratio has
been used to fabricate the device. Therefore, the electrical parameters according to the current voltage
characteristics given in figure 5, can be related to the photophysical properties of the active mate-
rial. The fabricated device demonstrates the 2.4% power conversion efficiency (η) with 0.62 V open
circuit voltage (Voc), and 10.7mA/cm2 short-circuit current (Jsc). The dark parameter like the ideal-
ity factor (n) and reverse saturation current (J0) is 3 and 2.1x10-4 mA/cm2, respectively. The other
FIG. 5. Current density vs. applied bias (J-V) curve plot for the fabricated solar cell. Left side Y-axis corresponds to the dark
current density whereas right side Y-axis corresponds to the illuminated current density. Dark J-V characteristics (Black line)
have been plotted in semi-logarithmic scale and the illuminated J-V characteristics (Red line) plotted in normal scale. The
inset shows the device parameters evaluated from dark and light J-V characteristics.
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device parameters like fill factor (FF), series resistance (Rs) and shunt resistance (Rsh) are 36.2,
1.50 Ωcm2 and 94.6 Ωcm2 respectively. In essence, the above studies establish the photo-
physics/charge carrier dynamics in SQ:PCBM71 based OSCs and scope of suitable modulation of
these properties in new blends for improving further the efficiency and stability of these devices using
these emerging cost-effective combinational donor acceptor materials.
Impedance spectroscopy and charge carrier transport parameter evaluation
Further, the fabricated devices have been examined through impedance spectroscopy to under-
stand kinetics governing phenomenon like recombination in the device, mobile carrier lifetime, transit
time and mobility of majority carriers based on the parameters extracted from the equivalent circuit
after fitting. The DC equivalent circuit shown in inset of figure 6(a) comprising RS originated from
the device contact resistance and resistance from measuring wires. The value for series resistance
estimated from the impedance is almost similar to the calculated from J-V characteristics. The first
Rt||CPEt combination is originated from the contact and transport effect whereas Rt is transport resis-
tance. Accordingly, the characteristics transit time (τt) across the device can be calculated through
expression34 i.e.
τt = RtCt (4)
where Ct= (RtQ)n/Rt. Measurement of transit time at short circuit under illumination can give the
mobility of majority charge carriers through the following relation35,36
µ= d2/Vocτt (5)
where d is active layer thickness (∼100 nm) and Voc is the open circuit voltage. Another important
parameter which can be estimated from impedance is recombination resistance (Rr) and chemical
capacitance (Cµ). Later one is related to the increase in the charge (Q) and carrier density (n) with
the variation in the quasi-Fermi level (Ef), Cµ = q(dQ/dEf).37 The current flows through the Rr in
the DC equivalent circuit is referred as recombination current. The value of Rr biased at open circuit
voltage can give the cell characteristic response time, which can also be referred as mobile carrier
lifetime recombination time.36,38–40
τr = RrCµ (6)
Transport time is usually 2 to 3 order faster compared to the recombination lifetime. Diffusion constant
(Dn)34,36 of the electron, can be calculated from the following relation
Dn = d2/τt (7)
The Nyquist plot for the fabricated device under a dark condition with varying forward bias from
0.0 V to 0.5 volts is shown in figure 6(a). The change in the value of Rr before built-in bias (0 to
0.1 V) is small, but as the device moves into the forward bias region significant difference appears in the
recombination resistance due to the reduction in the junction potential at the donor-acceptor interface.
The recombination time reduces with the increment in the bias voltage whereas average transit time
(τt avg 21.712 µs) and diffusion constant (Dn avg 4.64x10-6 cm2s-1) of electrons are almost similar with
the bias voltage which can be observed in table S1 (supplementary material). The Nyquist plot in the
illuminated condition (figure 6(b)) at the short circuit and the open circuit conditions can be used for
the calculation of mobility and carrier lifetime from the equation (6–7). Therefore the calculated value
of mobility (µ) is 6.12x10-6cm2V-1s-1 and average mobile carrier lifetime (τr) is 399 µs are consistent
with the long lifetime of polaron pairs in the SQ:PCBM71. Figure 6(c–d) shows the frequency response
of the device impedance on the semi-logarithmic plot. Unlikely the Nyquist plot, the Bode plot shows
the frequency dependent information and discloses important low impedance behavior observed at
high frequencies. The slope at the transition between low and high frequency asymptotes can give
important information regarding the nature of impedance response and characteristics frequency
(fc, the frequency at the highest peak in Nyquist plot). Bode plot representation utility is in the circuit
analysis. The Phase angle plot is sensitivity to the system parameter hence it gives a good confidence
regarding the selection of circuit model and fitting to the experimental data. Therefore, around 1000Hz
device makes a transition from capacitive to resistive nature. In fact, lower than this slope current
start flowing through predominantly due to the resistor and phase angle approaches to zero.
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FIG. 6. Impedance response of SQ:PCBM71 device (a) under dark condition at 0.0 to 0.5 V. Inset shows equivalent cir-
cuit used for fitting the experimental data. (b) under 100 mW white light illuminated condition for 0.0V and at Voc
(0.62V) (c) bode plot under dark condition at 0.0 to 0.5V (d) bode plot under 100mW/cm2 illuminated condition at short
circuit condition (0.0V) and open circuit (Voc) The points represent the measured data whereas solid lines represent fit
respectively.
CONCLUSION
In conclusion, we have established the concept of charge carrier dynamics in organic solar cells
based on SQ:PCBM71 donor-acceptor combination by ultrafast transient absorption and impedance
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spectroscopy. A strong correlation has been revealed between the generation of localized, delocalized
and subsequently free polarons. The transient study establishes the creation as well as the decay of
singlet and triplet states in pure SQ material. However, the formation of polaron pairs with ∼550 ps
lifetime is confirmed with the incorporation of PCBM71 in pure SQ. The absorption and Photolumi-
nescence spectra inferred the intermolecular interaction between SQ and PCBM771 and aggregation.
Further, the increment in monomolecular and bimolecular recombination in SQ:PCBM71 compared
to the SQ clarifies the interfacial compatibility of SQ and PCBMC71 molecules, which is crucial
for efficient charge transport in organic solar cell (OSC) devices. The impedance spectroscopy has
been utilized to establish the charge transport mechanism and evaluation of various important trans-
port parameters such as transit time (τt), diffusion constant (Dn), mobility (µ), carrier lifetime (τr)
in the device and their values are 21.7 µs, 0.36 nm, 6.12x10-6 cm2V-1s-1 and 399 µs, respectively.
The actual charge transport of this charge species in SQ:PCBM71 solar cell (PCE ∼2.4%) has been
revealed by impedance spectroscopy. The estimated transit time (τt), diffusion constant (Dn), mobil-
ity (µ) and carrier lifetime (τr) in the device are 26.38 µs and 0.36 nm, 6.12x10-6 cm2V-1s-1 and
399 µs, respectively. Initial efficiency of about 2.4% has been achieved in the device with con-
ventional configuration which permits the scope of further enhancement using suitable interface
engineering of charge extraction layers. In essence, these findings reveal the fundamental and applied
facet in of SQ:PCBM71 solar cell material and devices which will prove immensely beneficial for
further enhancing the efficiency of the next generation devices.
SUPPLEMENTARY MATERIAL
See supplementary material for device structure with energy band diagram and calculated
parameters for impedance spectroscopy.
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